Background: Acute kidney injury (AKI) is a critical issue in cancer patients because
| INTRODUCTION
Acute kidney injury (AKI) is a common, but significant complication in patients with cancer.
1-4 AKI is often caused by the combination of various conditions including tumor lysis syndrome (TLS), urinary tract obstruction, use of nephrotoxic drugs, and sepsis. 2, 5 Although, there are not many studies on AKI in all patients with cancer, a large cohort in Denmark reported that the risk of developing AKI in 1 year was 17% for all patients with cancer. 6 The rate of AKI and the renal replacement therapy requirements are higher in critically ill patients with cancer compared to patients without cancer. 5, 7, 8 Patients with severe AKI, defined by a doubling of the serum creatinine, had an 8.8% and 14.6% of AKI occurrence risk at 1 and 5 years after diagnosis, respectively. 6 Patients with poor kidney function might have a reduced likelihood of receiving optimal treatment.
1 Recent AKI definitions such as RIFLE (Risk, Injury, Failure, Loss of kidney function, and End-stage kidney disease) criteria 9, 10 and the Acute Kidney Injury Network (AKIN) classification have emphasized that serum creatinine (sCr) differences could increase the long-term mortality risk even in small increments. [11] [12] [13] [14] Moreover, efforts to avoid renal injury progression may contribute to reducing mortality and slowing the progression to chronic kidney disease. 15, 16 Thus, being aware of the development of AKI in accordance with the current AKI definitions, and the risk factors for AKI in patients with cancer would be helpful for providing proper management and adjusting treatment option. 17 Several studies have highlighted the role of AKI on mortality in patients with hematologic malignancies receiving induction therapy, 18 diffuse large B-cell lymphoma, 19 gastric cancer, 20 bladder cancer, 21 and lung cancer. 22, 23 Additionally, the increase in mortality according to the development of AKI has not been observed in all studies due to the different patients' conditions, including overall severity, and functional status. 8, 24 We aimed to evaluate AKI risk factors and the impact of AKI on mortality in patients with cancer using a large, comprehensive retrospective cohort.
| METHODS

| Study population
The Korean Ministry of Health and Welfare started a nationwide registry (Korea Central Cancer Registry, KCCR) for collecting data on cancer incidences and providing insurance benefits for the patients. All patients with cancer in Korea were registered in the KCCR with diagnoses based on the International Classification of Diseases 10th revision (ICD-10).
This study was a retrospective cohort study conducted in Seoul National University Hospital (SNUH), which is a tertiary referral hospital in Seoul, South Korea. The study population included patients who registered with KCCR at SNUH for the first time between January 1, 2004, and December 31, 2013. A total of 106 004 patients with cancer consented to study enrollment. We excluded those who (1) registered more than two types of cancers, to eliminate patients with double primary cancer, (2) were <18 years, (3) had measured sCr levels only once or did not measure sCr after the KCCR registration date, (4) had an estimated glomerular filtration rate (eGFR) <15 mL/min/1.73 m 2 or receiving maintenance dialysis, and (5) no accurate data on death outcome. After exclusion, 67 986 patients were finally selected for the analysis (Figure 1 ).
| Data collection
All data in the study were reviewed via electronic medical records (EMR) and based on the first measured values within 2 months before or after the KCCR registration date. Cancers are classified according to the Korean version of the ICD-10. Each code is described in Table S1 . The following demographic data were obtained: age, sex, and baseline body mass index (BMI). Hypertension (HTN) and diabetes mellitus (DM) were determined by formal physician diagnosis or by the documentation of patients' taking antihypertensive drugs and insulin/oral hypoglycemic agents, respectively. The number of CT scans using contrast media was investigated during the follow-up period. Laboratory data were collected, including hemoglobin (Hb), serum calcium, phosphorus, glucose, uric acid, protein, various cancer types except thyroid cancer and in various treatment modalities, however, not shown in patients with baseline renal dysfunction. Conclusion: AKI was an independent risk factor for all-cause mortality in overall cancer patients with dose-responsive manner.
K E Y W O R D S
acute kidney injury, AKI stage, all-cause mortality, cancer, cancer treatment albumin, bilirubin, total cholesterol, triglyceride, high-density lipoprotein (HDL), low-density lipoprotein (LDL), blood urea nitrogen (BUN), and sCr. In terms of sCr, we extracted any and all measured sCr values requested by outpatient clinics, emergency rooms and admission department. We calculated eGFR using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation.
We gathered information about the use and type of chemotherapeutic agent, cancer-related surgery, and participation in new drug clinical trials. We divided the total enrolled patients into four groups: surgery and chemotherapy, surgery only, chemotherapy only, and neither surgery nor chemotherapy.
| AKI definition
To define AKI, we set the initial sCr as the first measured sCr within 2 months before or after the KCCR registration date. If there was no sCr within that period, we defined the initial sCr as the earliest measured sCr after the date of KCCR registration. When both sCr values were present, the lower value was considered as initial sCr. Because sCr is always changeable value, thus, to define AKI events more precisely, baseline sCr was defined as the minimum value of sCr from the current time to the previous 3 weeks by shifting the reference point every 3 weeks based on the KCCR registration date.
We defined AKI events in accordance with KDIGO AKI guideline 25 as follows: (1) an absolute increase in sCr 0.3 mg/ dL from the initial or baseline sCr, (2) a percentage increase in sCr of ≥50% from the initial or baseline sCr. After developing the AKI definition, we further designated the AKI stage based on the KDIGO AKI guidelines using the ratio of sCr at the time of AKI diagnosis and initial or baseline sCr. We defined stage of AKI by meeting the following criteria based on the KDIGO AKI guideline: (1) sCr at AKI diagnosis is more than 4.0 mg/dL, stage of AKI defined as stage 3, (2) if the ratio of sCr at the time of AKI diagnosis and initial or baseline sCr was used for defining the stage of AKI, the ratio >3.0, stage 3; ratio >2.0, stage 2; ratio >1.5, stage 1, and (3) the difference between sCr at AKI diagnosis and initial or baseline sCr is more than 0.3, stage of AKI defined as stage 1.
| Clinical outcomes
The outcome was all-cause mortality. We collected mortality data from both an EMR review and from Statistics Korea using a unique identifier after approval from the Ministry of the Interior and Safety of Korea. The mortality data were obtained through July 2016.
| Statistical analysis
Continuous variables are presented as mean ± standard deviation and categorical variables as actual frequencies and percentages with the Pearson's chi-squared test. We used one-way analysis of variance (ANOVA) or the KruskalWallis test to compare continuous variables as appropriate. The expectation-maximization algorithm 26 with a bootstrap approach 27 that produces multiple imputed datasets with plausible values, was utilized to impute missing values. The variables that were directly related to the outcome were excluded from the imputation, and this algorithm was implemented using the R package Amelia. The number of imputed datasets in the analysis was m = 5 and the combined result across five datasets were obtained using "Rubin's Rules". 28 We conducted a Cox regression analysis to reveal the relationship between AKI and all-cause mortality and to calculate the hazard ratio with 95% confidence intervals (CIs). In the adjusted analysis, we introduced various potential confounders including demographics, laboratory findings, number of CT scans during follow-up, and the occurrence of AKI. All p-values were two-sided, and values <0.05 indicated statistical significance. All statistical analyses were carried out using the R package, version 3.4.0.
| RESULTS
| Baseline characteristics of overall study participants
A total of 67 986 patients were followed for 3.9 ± 3.1 years in this study. The baseline characteristics of the enrolled 
| Comparisons of patients' characteristics according to AKI stage
Baseline characteristics according to the AKI stages was described in Table 1 . The proportions of patients with No AKI, AKI stage 1, 2, and 3 were 66.2%, 24.0%, 4.7%, and 5.1%, respectively, and the median time to the first AKI event was 106 days (interquartile range 25-476 days). The more severe the AKI, the lower the levels of the initial eGFR, serum albumin, and platelet counts. The AKI stage was positively correlated with radio-contrast exposure counts. Additionally, patients with AKI received more chemotherapy and were enrolled in more clinical trials than patients without AKI.
AKI stage according to cancer type is summarized in Figure 2 . Overall AKI incidence was highest with hematologic malignancies. More than half of patients with these three types of cancer experienced an AKI event after their cancer diagnosis. Severe AKI with stage 3 was shown most in HCC (14.1%), followed by hematologic malignancy (13.4%), kidney and urinary tract cancer (8.2%), male (6.8%), and female (5.68%) genital organ cancer. The number of patients who never developed AKI during the follow-up period was larger in those with thyroid cancer (92.4%), followed by breast cancer (87.92%).
| Risk Factors for AKI development
We performed a logistic regression analysis to find risk factors for AKI development and the results are summarized in Table S2 . Male sex, older age, HTN, DM, high mean arterial pressure, and clinical trial participation were revealed to be independent risk factors for AKI occurrence in all patients with cancer. Kidney and urinary tract cancer had the highest rates of AKI, followed by hematologic. Lower serum albumin and hemoglobin, higher serum bilirubin and uric acid, multiple CT exposures, and chemotherapy also increased the occurrence of AKI.
Lower eGFR was also an important risk factor for AKI in patients with cancer, especially if the eGFR was less than 60 mL/min/1.73 m 2 . These patients showed a step-wise increase in AKI risk with a decrease in baseline renal function (eGFR 45-59 mL/min/1.73 m 2 , adjusted odds ratio 
| AKI occurrence and allcause mortality
During the observation period, a total of 23 022 (33.9%) deaths occurred. AKI occurrence was associated with increased mortality in a step-wise manner in the univariate analysis. When adjusted for age, sex, and cancer type (Model 1), this dose-responsive relationship remained significant. We additively adjusted for the co-morbidities and various laboratory results (Model 2), as well as the sequentially contrast-enhanced CT counts, inclusion of clinical trials, and cancer treatments (Model 3). Consequentially, AKI stage was an independent risk factor for elevated mortality in patients with cancer in a dose-responsive manner (Table 2 ). Figure 3 summarizes the results of a subgroup analysis according to the various cancer types. AKI stage was an important risk factor in most cancer types, except thyroid cancer. Moreover, AKI severity had a dose-responsive association with all-cause mortality, and this tendency was most prominent in the hematologic malignancies, and kidney and urinary tract cancer. Figure 4 shows that AKI affected all-cause mortality in a dose-responsive manner in patients with cancer with preserved baseline renal function (eGFR ≥ 60 mL/min/1.73 m 2 ).
However, it did not show an effect in those with advanced baseline renal impairments (eGFR 15-45 mL/min/1.73 m 2 ).
Patients with moderate renal dysfunction (eGFR 45-60 mL/ min/1.73 m 2 ) had elevated mortality risk only when they had AKI higher than stage 2. Finally, we analyzed the influence of AKI on mortality according to the type of cancer treatment ( Figure 5) . A dose-response association between all-cause mortality and AKI stage were observed in nearly all the subgroups. In the chemotherapy-only group, all-cause mortality was lower in patients in AKI stage 1 than in patients without AKI (AKI stage 1 in the chemotherapy-only group, HR 0.895, 95% CI 0.845-0.947, P < 0.01). The difference in the HRs was different for each subgroup, and the mortality risk according to AKI stage was higher in patients undergoing surgery.
| DISCUSSION
In this large-scale study, we found that AKI severity determined by the KDIGO AKI staging method, was associated with increased mortality in a dose-responsive manner in all F I G U R E 2 Description of AKI stage according to cancer type. Abbreviation: AKI, acute kidney injury; CBD, common bile duct; GB, gallbladder patients with cancer and all cancer types except for thyroid cancer. Interestingly, the impact of AKI severity on mortality was evident only in the group with eGFR ≥ 60 mL/ min/1.73 m 2 . Patients with cancer and moderate renal dysfunction (eGFR 45-60 mL/min/1.73 m 2 ) had an increased mortality risk only if they had stage 2 or 3 AKI. Compared to the general population, with an AKI incidence of 1811 per million population, 29 there is no exact incidence data for all patients with cancer. We assumed that these patients would have a high incidence of AKI. Previous studies have shown that the incidence of AKI was higher in patients with cancer than in patients without cancer. 29 In our study, about one-third of the patients with cancer experienced an AKI event at least once. As reported in previous studies, hematologic malignancy was the most common type of cancer associated with AKI development (55.4%), which was a similar incidence in our study. 30, 31 Besides well-known AKI events, including TLS, chemotherapy, and contrast-induced nephropathy (CIN) might be associated with higher incidence of AKI in cancer patients. However, the incidence can be controlled as physicians can modulate the number of contrast CT scans or adjust chemotherapeutic agent dosages in consideration of the individual patients' AKI risk. Many physicians have provided prevention strategies for CIN including volume repletion with or without use of N-acetylcysteine, although the effects are still controversial. 32 Reducing contrast exposures might alleviate AKI risk in patients with cancer. Chemotherapy, an essential therapeutic agent, is an important risk factor for AKI. 24 Traditional chemotherapeutic agents cause AKI via thrombotic microangiopathy, crystalline nephropathy, acute tubular injury, and tubulointerstitial injury. 24 Additionally, emerging targeting agents should be evaluated according to their kidney toxicities, 33 in spite of their potentially life-saving capacity. Meticulous dose adjustment based on patients' renal function and AKI risk factors is warranted in the prescription of chemotherapeutic agents. One of the interesting findings was that the risk of AKI was the lowest in patients with eGFRs of 60-89 mL/ min/1.73 m 2 , rather than eGFRs ≥ 90 mL/min/1.73 m 2 .
Conventional eGFR was calculated based on age, sex, and serum creatinine. Considering age and cachexia in patients with cancer, eGFR ≥ 90 mL/min/1.73 m 2 is likely to be an overestimation of their actual renal function because of the decreased muscle mass in patients with cancer. Recently, cystatin C not influenced by protein catabolism, dietetic factors, or muscle mass is emerging biomarkers for renal function. Previously, the use of cystatin C was limited for fear that its concentration might be influenced by the extent of the cancer, 8 but recent studies revealed that there is no relationship between cystatin C and tumor burden. 34 Further studies are needed to assess the usefulness of cystatin C in patients with cancer. Although, there have been many reports that AKI is associated with all-cause mortality in hospitalized patients, [35] [36] [37] there is a lack of research on whether this association applies in patients with cancer. In previous studies of patients with cancer who were treated in the intensive care unit (ICU), mortality was increased according to the RIFLE risk category in a dose-responsive manner. 22 This relationship was observed in nearly all cancer types except thyroid cancer, presumably due to its female predominance, the lower proportion of patients receiving chemotherapy, follow-up using ultrasonography rather than contrast-enhanced CT, and the relatively lower risk of surgery.
In a multivariable Cox analysis, dose-responsiveness was observed between all-cause mortality and AKI severity, except in the chemotherapy only group (Figure 5) , which, in our cohort comprised patients with HCC and respiratory tract cancer (data not shown). Transarterial chemoembolization (TACE) has been used as the most common therapeutic method in real-life clinical practice in South Korea. 38 Patients who have received long-term repeated TACE eventually develop lung or other organ metastasis, and they are switched to systemic chemotherapy. Therefore, the survival rate of patients treated with chemotherapy-only might be higher than those of other groups. One of the hypotheses regarding this phenomenon is due to TLS. Hematologic malignancy and small cell lung cancer are common cancers that exhibit TLS because they have good response to chemotherapy-only. 39 A large number of patients who are diagnosed with hematologic malignancy received chemotherapy-only (60%) in our cohort. Recently, many patients with cancer are increasingly being treated as outpatients in chemotherapy day units rather than hospitalization. Therefore, the clinical course in the outpatient setting should also be included for an adequate assessment of AKI in patients with cancer. However, most of the studies regarding AKI were conducted in patients who were hospitalized, including in the ICU, and the mortality of critically ill patients with cancer reached 14%-30%. 2 We confirmed that the risk of all-cause mortality increased as the severity of AKI increased based on sCr in all clinical settings mentioned above. This study has several limitations. First, although staging is one of the important factors in the survival of patients with cancer, we could not take this into account in our study. Therefore, we divided them into locoregional versus systemic treatment according to chemotherapy and surgery. The surgery-only group was likely to have received curative surgery, the chemotherapy-only group was likely to receive palliative chemotherapy except those with hematologic malignancies. Additionally, the patients who had surgery and chemotherapy performed simultaneously were likely to have received adjuvant or neo-adjuvant chemotherapy. Second, we could not fully evaluate all the factors influencing AKI events as covariates, including urinary tract obstruction, the usage of nonsteroidal anti-inflammatory drugs, and other radiologic interventions that used contrast media, with the exception of CT. Third, when we evaluated AKI development, we only measured sCr once. Therefore, the sCr may not indicate true baseline renal function of each patient, which means that when sCr was higher than normal level, it was difficult to know whether the sCr meant AKI on chronic kidney disease (CKD) or CKD only. In addition, because each patient had a different interval for measuring the sCr during the follow-up period, patients who frequently measure sCr were more likely to develop AKI. Last, we dealt with only the initial AKI events instead of recurrent or continuous events.
F I G U R E 5
We found that >33% of the patients with cancer experienced an AKI event. Moreover, we demonstrated that AKI is an important risk factor for all-cause mortality in all patients with cancer in a dose-responsive manner. Physicians and researchers should not only focus on therapeutic options for cancer, but also optimize maintenance of kidney health during a period of continuously improving cancer survival.
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